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Beware glowing cadavers:
bioluminescence of nematode
symbiont Photorhabdus protects
nematode-infected host
cadavers from

nocturnal scavengers

Maria D. Cassells*, Sophie Labaude® and Christine T. Griffin

Department of Biology, Maynooth University, Maynooth, Ireland

Photorhabdus spp. are the only known terrestrial bioluminescent bacteria. We
show that the bioluminescence produced by these bacteria reduces scavenging
activity on the insect cadavers they colonize. Photorhabdus spp. are the
symbiont of the insect pathogenic nematodes Heterorhabditis spp. Together
they kill insects and colonize the cadaver. The function of their bioluminescence
has been the subject of debate, but here for the first time we demonstrate an
ecological benefit. In our experiments, fewer Photorhabdus temperata -infected
cadavers than uninfected cadavers were scavenged, but only in dark conditions
where their bioluminescence would be visible. This was the case both in the field
and in laboratory experiments with Lehmannia valentiana slugs (the primary
scavengers found in our field tests). We also show that L. valentiana is innately
deterred from scavenging on uninfected cadavers in proximity to light imitating
the bioluminescence of Photorhabdus, indicating that luminescence can be a
deterrent independent of chemical cues. We propose a multimodal defence
where bioluminescence works together with the chemical defences also
produced by Photorhabdus to deter scavengers, such as slugs, from feeding
on the host cadaver, with the potential for aposematism.

KEYWORDS

bioluminescent bacteria, aposematism, Heterorhabditis downesi, Lehmannia
valentiana, invertebrates

1 Introduction

Bioluminescence is the biochemical production and emission of light by a living
organism (Widder, 1999), usually by the oxidation of a light-emitting molecule -a luciferin
- by a luciferase enzyme (Haddock et al., 2010). Bioluminescence has evolved many times
(Haddock et al,, 2010; Lau and Oakley, 2021) in prokaryotes and eukaryotes including
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bacteria, fungi, dinoflagellates, arthropods, and fish (Herring, 1994;
Dunlap and Kita-Tsukamoto, 2006; Forey and Patterson, 2006;
Baker et al,, 2008). The original function of luciferin-luciferase
systems may have been for detoxification of reactive oxygen species
(McElroy and Seliger, 1962; Seliger, 1975; Rees et al., 1998; Labas
et al, 2001), but bioluminescence now serves diverse ecological
functions including defence, attraction of prey, and intraspecific
communication (Herring, 1989; Buck and Case, 2002; Lewis and
Cratsley, 2008). Distraction or deterrence of nocturnal predators
and scavengers has been proposed as the function of
bioluminescence in Dinoflagellata, Copepoda, Cnidaria and
Coleoptera (Morin, 1983; Buskey and Swift, 1985; Latz et al,
1988; Branham and Wenzel, 2001; Herring and Widder, 2004).

In bacteria, while the mechanism of luminescence is well
characterised (Meighen and Szittner, 1992; Forst and Nealson,
1996; Zavilgelsky and Shakulov, 2018), its functions are less well
understood than in higher organisms (Nealson and Hastings, 1979;
Timsit et al., 2021). Amongst the biochemical benefits that have
been suggested are the detoxification of reactive oxygen species
(Timmins et al., 2001) or the promotion of DNA repair (Czyz et al.,
2000), but the likely importance of ecological functions involving
perception by some other organisms is increasingly acknowledged
(Nealson and Hastings, 1979; Zavilgelsky and Shakulov, 2018;
Timsit et al., 2021). Many marine species of bioluminescent
bacteria reside in specialised light organs of higher organisms
(fish and squid) where they clearly provide light in return for
nutrients from their host, whilst other marine species are postulated
to use light to attract consumers that provide a medium for growth
and a means of dispersal (Nealson and Hastings, 1979; Widder,
2010; Tanet et al.,, 2020; Ramesh and Bessho-Uehara, 2021).
Photorhabdus spp. are the only known terrestrial bioluminescent
bacteria; the function of the bioluminescence in this genus is
debated (Peat and Adams, 2008; Waterfield et al., 2009;
Zavilgelsky and Shakulov, 2018). Photorhabdus spp. are insect
pathogens that occur as obligate symbionts of the Heterorhabditis
spp. of nematodes. (Boemare, 2002; Clarke, 2008; Waterfield et al.,
2009). The stress resistant, free-living infective juvenile stage of the
nematode travels through soil and enters a living insect, releasing
the bacteria from its gut. When the bacteria have grown to a certain
density, they emit light at a wavelength of around 490 nm (Poinar
et al,, 1980; Maher et al., 2021). Pigmentation of the cadaver can
shift the light emitted by 20-30 nm depending on the species of
Photorhabdus and its characteristic colouration (Maher et al., 2021).
Luminescence can start as early as 20 hours post infection and is
visible to the human eye by 72 hrs (Poinar et al., 1980), but only in
darkness. Buried in the soil, and/or at night, these luminescent
insect cadavers would stand out as a source of light. Within 2-3 days
of infection the bacteria help to kill the insect and enzymatically
break down the cadaver, resulting in a bacteria-rich nutrient soup
on which the nematodes feed (Waterfield et al., 2009; Dillman and
Sternberg, 2012). The nematodes then develop to adulthood and
reproduce within the host. Several generations may be produced
over 2-3 weeks, until resources are depleted, after which the next
generation of infective juveniles with their symbiont leave the
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cadaver in search of new hosts (Adams and Nguyen, 2002). Only
the infective juvenile stage is capable of survival in soil conditions
(Poinar, 1979).

Functions that have been ascribed to bioluminescence in
Photorhabdus can be divided into: general biochemical functions,
roles specialised to its ecological niche, and redundancy (Poinar
et al., 1980; Akhurst and Boemare, 1990; Peat and Adams, 2008;
Waterfield et al., 2009; Peat et al., 2010; Zavilgelsky and Shakulov,
2018; Timsit et al., 2021). The lux operon containing the genes
responsible for bacterial bioluminescence had a single evolutionary
origin and spread by horizontal gene transfer (Kasai et al., 2006);
many of the common functions that are ascribed to the cellular
processes that result in bacterial bioluminescence, including
protection against free radicals and stimulation of DNA repair,
have also been ascribed to Photorhabdus (Nealson and Hastings,
1979; Peat and Adams, 2008; Zavilgelsky and Shakulov, 2018).
Amongst the adaptive functions related to Photorhabdus’s
specialised niche that have been proposed are: signalling to the
nematode to synchronise symbiosis (Waterfield et al., 2009); cell-to-
cell communication with other bacteria (Timsit et al.,, 2021);
attracting new insect hosts to the cadaver (Poinar et al, 1980;
Patterson et al., 2015) or deterring scavengers from it (Akhurst and
Boemare, 1990; Baur et al., 1998; Jones et al., 2015; Maher et al.,
2021). It has also been suggested that since the acquisition by
Photorhabdus of the lux operon from a marine bacterium,
bioluminescence is a nonfunctional trait in the genus that is
declining over time, due to lack of selection pressure in the
terrestrial environment (Peat and Adams, 2008). The most widely
hypothesised possible ecological function proposed for
bioluminescence in Photorhabdus is deterring scavengers from
damaging the host cadaver, but to date there is no evidence
supporting this or any other proposed function (Poinar et al,
1980; Akhurst and Boemare, 1990; Peat and Adams, 2008;
Waterfield et al., 2009; Peat et al., 2010; Zavilgelsky and Shakulov,
2018; Timsit et al., 2021; Cimen, 2023).

There is ample evidence that Photorhabdus spp. invest heavily
in defence of the cadaver against both microbes and animals
(reviewed by Raja et al., 2021), protecting both themselves and
their essential nematode mutualist. They produce a wide variety of
molecules (Bode, 2009; Cimen, 2023), some of which have
antimicrobial activity and suppress competing bacteria and fungi
- including agents of putrefaction (Li et al., 1995; Eleftherianos et al.,
2007; Ullah et al., 2015; Tobias et al., 2018). Insect cadavers infected
by Heterorhabditis and their symbionts are also protected against
feeding by a variety of scavengers including ants, wasps, crickets and
beetles, and this is attributed to the production of an as yet
unidentified chemical called “scavenger deterrent factor” by
Photorhabdus (Baur et al., 1998; Zhou et al,, 2002; Gulcu et al,,
2012; Ulug et al., 2014; Gulcu et al., 2018; Raja et al., 2021). There is
some evidence that olfactory cues contribute to scavenger
deterrence (Jones et al.,, 2015), and that the distinct red
colouration typical of many Photorhabdus-infected cadavers can
serve as a warning signal of unpalatability for daytime scavengers
such as birds (Fenton et al., 2011; Jones et al., 2017). Jones et al.
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(2017) proposed that a multimodal defence - chemical and visual -
due to Photorhabdus may protect the cadaver, either by acting in
concert and/or by being effective against different scavengers.

Here, we test the hypothesis that bioluminescence contributes
to the protection of Photorhabdus-infected cadavers against
nocturnal scavengers (Akhurst and Boemare, 1990), using
Photorhabdus temperata Fischer-Lesaux, Villard, Brunnel,
Normand & Boemare, carried by the nematode Heterorhabditis
downesi Stock, Griffin & Burnell. Photorhabdus temperata emits
light at a high intensity relative to other species of Photorhabdus
tested (Hyrsl et al, 2004; Maher et al, 2021). We tracked the
luminescence profile produced by P. temperata infected cadavers
over the course of the infection to determine at what stage the
luminescence would have its highest impact. In field trials at dusk,
we compare scavenging on infected and uninfected insect cadavers
under conditions either of ambient light, where only chemical
defence is expected, or in darkness, where bioluminescence may
be visible and contribute to cadaver defence. We conduct similar
experiments in the laboratory using the scavenger encountered
most commonly in the field trials, the slug Lehmannia valentiana
Ferussac. Most slugs are omnivorous, nocturnal scavengers that
feed on dead vegetation, fungi, dead animals, and other detritus
(Barnes and Weil, 1945; Jennings and Barkham, 1975; Keller and
Snell, 2002). While they possess simple eyes (and certain light
sensitive areas of the brain) that can detect light intensity, they do
not form clear images (Zieger et al., 2009; Nishiyama et al., 2019)
and seek food using olfactory cues (Gelperin, 1974; Gelperin, 1975;
Kiss, 2017). Where organisms are protected in more than one
modality, it can be difficult to disentangle the contribution of each
modality to defence; artificial light sources are an important tool in
demonstrating a defensive role of light where chemical defences are
also effective (Underwood et al., 1997; Marek et al., 2011). We use
light emitting diodes (LEDs) producing artificial light simulating
that of a Photorhabdus-infected cadaver at peak luminescence in a
choice experiment to test the effect of light alone on L. valentiana
orientation and scavenging of freeze killed insects.

2 Methods
2.1 Species, storage and conditioning

Late instar Galleria mellonella L. larvae were supplied by
Peregrine Live Foods (Chipping Ongar, UK) and Live Foods
Direct (North Anston, UK). They were infected with H. downesi
K122 (a native Irish strain carrying Photorhabdus temperata that
imparts a yellow-orange colour to the infected cadaver) by applying
100 infective juveniles to each larva. The insects were incubated at
20°C and died 3 days later, and these freshly dead cadavers were
used in experiments. Relative light intensity of the cadavers was
recorded using 5-minute exposure in a Syngene G:Box Chemi HR16
Biolmaging System using GeneSnap 7.12 software (SynGene,
Cambridge, UK). Images (16 bit) were exported to Image J (v1.5)
and analysed for mean grey value/pixel. To determine peak
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luminescence over the course of infection, the luminescence
produced by two sets of infected G. mellonella (N = 13, 19) were
measured at alternating 2 hr intervals from 1-19 days post infection.

Freshly dead cadavers at day 3 of infection with relative light
intensity 24,723 + 643.58 (mean + SE) mean grey scale units/pixel
were used in experiments. As controls, G. mellonella were frozen for
24 hours and thawed 2 hours prior to use.

Slugs (Lehmannia valentiana; synonym Limax valentianus)
were collected from mature deciduous woodland. Identification of
the collected slugs was confirmed by dissection and examination of
genitalia (Forsyth, 2004) of a proportion (~10%) of the population.
The slugs were maintained in plastic containers with a thin layer of
damp soil at 15°C and 16:8 Light: Dark for 1 week, during which
time they were fed fresh vegetables and dog food kibble (Bakers
Small Dog, Purina, UK). Slugs used in experiments were 5-6 cm in
length (fully extended).

2.2 Does bioluminescence deter nocturnal
scavenging (field study)

Field trials were conducted at dusk (starting 2 hrs before
sunset), in open deciduous woodland with ivy/grass ground cover.
Ambient light levels were <200 lux at soil level (recorded using an
RT MT30 digital lux meter). A single H. downesi-infected or freeze-
killed cadaver was placed in a Petri dish (3.5 cm) with a hole (4 mm
diam.) in the base to allow drainage. Each dish was placed in a
shallow (2-3 c¢cm deep) hole in the soil which was covered with a
rigid polypropylene sheet (5 x 6 cm) resting on the soil surface. The
cover was either translucent or opaque (black) to allow or prevent,
respectively, light from entering the test arena below. There were
thus four treatments, infected or freeze-killed cadavers in light or
dark conditions (Figure 1A). Dishes were arranged in groups of 4 (1
dish of each treatment), with all dishes and all groups 1 m apart.
After 2 hrs the number and identity of invertebrates in the dishes
were recorded and the dishes were returned to the laboratory. Signs
of scavenging were recorded and classed as: cadaver fully consumed,
partly consumed, or small punctures in the cuticle. In addition, each
cadaver was weighed at the start and end of the experiment and the
proportion of weight lost was recorded.

The were 6 trials for this field study, from June to November
2021, at two woodland locations in County Kildare: Maynooth
University Campus and Carton Demesne (Supplementary Table 1).
Overall, a total of 426 cadavers were tested, 103-108 per treatment.

2.3 Does bioluminescence deter slugs (L.
valentiana) from feeding? (lab study)

Based on the findings of the field trials, the slug L. valentiana
was used as a model scavenger in lab trials. The slugs were allowed
to feed on either a H. downesi-infected or freeze killed cadaver
under conditions in which the bioluminescence would either be
visible (i.e., in darkness) or not visible (i.e. in low level ambient light
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FIGURE 1

Experimental set up. (A, B) No-choice trials in which scavenging is recorded on Photorhabdus temperata-infected insect cadavers under conditions
where bioluminescence is visible or not. Freeze-killed insects are included as controls. (A) Field trial: Insect cadavers are in soil pits covered with
either translucent or black polypropylene squares, to allow or block light from entering the pit. (B) Lab trial: Insect cadavers are exposed to a
scavenger slug (L. valentiana) under conditions of either light or dark. (C) Two-choice apparatus with either a lit LED (emitting at 470 nm) or unlit
LED light positioned behind a freeze-killed insect at the end of each arm. A slug is placed in the entrance chamber at the start of the experiment

(8-20 1ux) provided by an LED bench lamp. Slugs which had been
starved for 24 hrs before the experiment were placed individually in
9 cm Petri dishes, 2 cm from the centre of the dish. A cadaver
(either infected or freeze-killed) was then introduced to the centre
of each dish. As in the field trial, there were thus four treatments,
infected or freeze-killed cadavers in light or dark conditions
(Figure 1B). Slugs were observed for 2 hours, and their behaviour
was recorded using the following categories: moving (within or
outside a 2 cm radius of the cadaver), feeding (rasping the cadaver),
tasting (touching the cadaver with mouth parts), searching (rotation
of the tentacles), or none of the above. Red light was used for
observations in the dark condition. The experiment was conducted
at 16°C. After 5 hrs the cadavers were removed, and signs of
scavenging were noted. The weight of each cadaver was recorded
before and after the trial and the proportion weight loss was
calculated. There were 18 trials for this lab study. Overall, a total
of 569 slugs were tested, 141-144 slugs per treatment.

2.4 Does cadaver-mimicking light attract
or repel slugs, or affect their feeding?

In order to separate the effects of light from those of chemical
defences, a L. valentiana slug was given a choice between two
freeze-killed insects; one of which was paired with artificial light of a
similar wavelength and intensity to that of a Photorhabdus infected
insect, and the other was not. The experiment was carried out in the
dark, at 16°C. A freeze-killed G. mellonella was placed at the end of
each arm of a Y shaped tube directly in front of a 5 mm-diam. LED
(HLMP-AB64/65, Avago Technologies Inc., USA) which was either
lit or unlit (Figure 1C). The lit diodes emitted light at 470 nm and
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the relative light intensity (measured as described for cadavers) was
adjusted to fall within the range 15,000-35,000 (mean 24303) mean
grey scale units/pixel to mimic the intensity of light emitted by
bioluminescent cadavers at days 3-6 of infection (Figure 2). The
sides of each arm were covered with opaque tape and tubes were
orientated in different directions to avoid positional effects. A single
L. valentiana slug that had been starved for 24-48 hrs was placed in
the entrance chamber of the Y-tube, and its behaviour was observed
for 2 hrs under red light. The time spent in each of the following
behavioural categories was recorded for each arm: moving, feeding,
tasting, searching or none of the above. After 5 hrs the cadavers
were removed and examined for signs of scavenging. The
proportion of weight loss of each cadaver was calculated. The
experiment was conducted across 13 trials with a total of 98
slugs tested.

2.5 Data analysis

For each experiment, the results for repeated trials were pooled
prior to analysis. The incidence of scavenging was analysed using
Pearson’s Chi square with significance set at P < 0.05, and with
Bonferroni correction for multiple post hoc comparisons. Weight
loss of cadavers in field and lab trials, and proportion of time spent
feeding, moving, tasting, and searching in the non-choice lab test
were compared between treatments using Kruskal-Wallis tests with
significance at P < 0.05. Where significance was detected, this was
followed by Mann-Whitney U tests with Bonferroni correction
applied for multiple comparisons. For the choice experiment, slugs
that did not move into either arm were excluded from the analysis,
resulting in 69 replications. A Wilcoxon signed rank test was used to

frontiersin.org


https://doi.org/10.3389/fevo.2023.1264251
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Cassells et al.

10.3389/fevo.2023.1264251

35000

30000
ol 4@ % AExp1l
$ 25000 *
g IS
E 20000 N A @ Exp 2
=]
v 15000 .il 0.AA
©
@ 10000 @9

) VN

< 00 00 000,

5000 ] o,

A
0 ul® ®m 00,080,000 o
0 2 4 6 8 10 12 14 16 18 20

Time since infection (days)

FIGURE 2

The average luminescence (mean grey scale units/pixel) produced by P. temperata-infected G. mellonella from time of exposure to time of
emergence. Larvae infected with 100 1Js of H. downesi were measured at 2-4 hr intervals for two sets of infections (Experiment 1 and 2).

compare time spent in each arm of the Y tube, with a hypothesised
proportion of 50%. The proportion weight loss of the cadavers and
slug behaviours for this experiment were analysed using a two-
sample t-test and Mann-Whitney U tests, respectively. All data
analysis was performed using Minitab v. 20.3 statistical software or
R studio v. 2022.12.0 + 353.

3 Results

The average luminescence of H. downesi infected G. mellonella
increased from day 2 of infection, peaked at day 3 at 28924.3 +
1132.482 (mean * SE, N = 19) mean grey scale units/pixel and
decreased from then, ceasing completely by day 19 (Figure 2).

3.1 Does bioluminescence deter nocturnal
scavenging (field study)?

Slugs were the most frequently recorded potential scavengers,
accounting for 70% (68/97 individuals) of all invertebrates found in
the dishes, with L. valentiana being the most common slug species,
accounting for 23% (22/97) of all invertebrates found. Other potential
invertebrate scavengers recorded in the dishes included earwigs
(Dermaptera) and beetles (Coleoptera) (Supplementary Table 4).

There were significant differences between treatments in
scavenging rate (the proportion of cadavers showing signs of
biting or feeding) by nocturnal scavengers (Chi square: X°; =
10.39, P = 0.0155, N = 103-108) (Figure 3A; Supplementary
Table 2) and in the weight loss of cadavers, used as a proxy for
amount consumed (Kruskal-Wallis: H; = 18.09, P < 0.001, N = 103-
108) (Figure 3B; Supplementary Table 3). Scavenging rate and
consumption were lower for P. temperata-infected than for
freeze-killed cadavers, but the differences were significant only for
those under dark covers, where luminescence would be apparent,
but not for cadavers under translucent covers, indicating that
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bioluminescence is effective in reducing scavenging (Figures 3A,
B). The majority of those cadavers that had evidence of scavenging
had only small puncture wounds in both the infected treatments
(Dark: 10/15; 66.7%, Light: 23/28; 82.1%) and the controls (Dark:
25/37; 67.6%, Light: 17/31; 54.8%). Of the cadavers that were
attacked, the proportion that were fully consumed was
approximately 3.6 times lower in the infected treatments than in
the controls both in the dark (1/15; 6.7% vs 9/37; 24.3%) and in the
light (3/28; 10.7% vs 12/31; 38.7%).

There was no difference between treatments in their association
with invertebrates, either in incidence (the proportion of dishes
containing at least one invertebrate along with the cadaver)
(Pearsons’s chi square: X°; = 1.382, P = 0.710, N = 103-108) or in
numbers of individuals recorded (Kruskal Wallis: H; = 0.85, P =
0.838, N = 103-108).

3.2 Does bioluminescence deter slugs
(L. valentiana) from feeding (lab study)?

In laboratory tests with L. valentiana there were significant
differences between treatments in the proportion of cadavers
showing signs of scavenging (Pearsons’s chi square: X°; = 33.968,
P < 0.0001, N = 141-144) (Figure 3C; Supplementary Table 5), in
weight loss of cadavers- a proxy for amount consumed (Kruskal-
Wallis: H; = 65.71, P < 0.001, N = 141-144)(Figure 3D;
Supplementary Table 6), and in the amount of time the L.
valentiana slugs spent feeding on the cadavers during the 2 hr
observation (Kruskal-Wallis: H; = 10.26, P = 0.016, N = 141-144)
(Figure 4; Supplementary Table 7). There was less scavenging
(attack and consumption) by L. valentiana on P. temperata-
infected than on control cadavers. The difference between
infected and control cadavers in the incidence of scavenging
(Figure 3C) and in time spent feeding (Figure 4) was significant
only in the dark when luminescence would be visible, and not in the
light, when luminescence would not be apparent, indicating a

frontiersin.org


https://doi.org/10.3389/fevo.2023.1264251
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Cassells et al.

10.3389/fevo.2023.1264251

A Field B Field
o 0.40 a o
5 ab 2
© 030 ab kS
(0] =)
(8] —
5 2
c 020 b o«
o o
b= c bc
o il
5 0.10 =
= 3
0.00 a
Dark Light Dark Light
Conditions Conditions &
Cy 0.40 Lab D Lab
o O a
g 2 0.06 a
< + 0.05
S 030 o a
5 ‘D 0.04
2 2
.g 0.20 45 0.03
o c
3 S 0.02
o 010 B b
x S 0.01
o a v
[e]
0.00 & 0.00
| . .
8 Contro Dark . Light Dark » Light
Dinfected Conditions Conditions

FIGURE 3

Scavenging on P. temperata- infected and freeze-killed (control) G. mellonella cadavers under conditions of either light or dark, after 2 hrs in the
field (A, B), and after 5 hrs exposure to slugs (L. valentiana) in the laboratory (C, D). (A, C) The proportion of cadavers tested that showed incidence
of scavenging in the field and laboratory trials respectively (columns accompanied by the same letters are not significantly different at P < 0.05, Chi
square with Bonferroni correction). (B, D) Weight loss as a proportion of the cadaver (mean +/- SE) of G. mellonella tested in the field and laboratory
respectively (Columns accompanied by the same letters are not significantly different at P < 0.05, Mann Whitney with Bonferroni correction).

defensive role for bioluminescence. In the light conditions, the
amount of cadaver consumed was lower for infected than for freeze-
killed, indicating the operation of chemical defences. The amount of
infected cadaver consumed in the dark was lower than in ambient
light, clearly showing the additive effect of both defence modalities
(Figure 3D). Time spent on behaviours other than feeding (moving
close to the cadaver, moving at a distance from the cadaver,
searching, tasting) did not differ between treatments
(Supplementary Table 8).

3.3 Does cadaver-mimicking light attract,
repel, or affect feeding of slugs?

There was no evidence that the slug L. valentiana was either
repelled or attracted by artificial light of similar wavelength and
intensity to a nematode-infected insect. When given a choice of two
arms each with a freeze-killed G. mellonella as bait either paired or
not paired with a light source, they spent an equal proportion of
time in each arm (Wilcoxon signed rank test: Z = 1152.50, P =
0.980; N = 69), and there was no difference in the amount of time
spent moving, searching, tasting, or feeding in the two arms
(Supplementary Table 7). However, there was a lower incidence
of scavenging on the bait insect paired with a light than on the bait
insect without a light (Pearson’s Chi square: X?, =3.881, P = 0.049;
N =69) (Figure 5). There was no difference in the percentage weight
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loss of cadavers in the two conditions (Mann Whitney W= 4989,
P=0411; N = 69).

4 Discussion

Our findings support the scavenger-deterrence hypothesis
(Akhurst and Boemare, 1990) for bioluminescence in
Photorhabdus. In both our field and laboratory trials, a lower rate
of scavenging on Photorhabdus-infected cadavers compared to
controls was significant only under dark conditions, where
bioluminescence would be visible, providing strong evidence that
bioluminescence contributes to scavenger deterrence, while the
experiment with an artificial light source indicates that
bioluminescence alone could protect cadavers. Cadavers were not
completely undefended in ambient light conditions, since the
amount of cadaver consumed was reduced in the light as well as
the dark, indicating the operation of a chemical “scavenger
deterrent factor” (Zhou et al., 2002; Gulcu et al, 2012). We
suggest that the two defences operate slightly differently, with
chemical factors reducing the amount of cadaver consumed while
light serves to reduce the probability of a cadaver being damaged in
the first place. Preventing breaches of the cadaver cuticle is
important; even a small lesion without further consumption may
completely compromise the success of the nematode-bacterial
complex developing inside, by increasing vulnerability to

06 frontiersin.org


https://doi.org/10.3389/fevo.2023.1264251
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Cassells et al.

0.05

0.04

0.03

0.02

0.01

Proportion time spent feeding

0.00

Dark

10.3389/fevo.2023.1264251

E Control @ Infected
ab

Light

Conditions

FIGURE 4

Proportion of time L. valentiana slugs spent feeding on P. temperata- infected or freeze killed (control) G. mellonella cadavers under conditions of
either light or dark in no-choice laboratory experiments. Values accompanied by the same letter are not significantly different (Mann Whitney tests

with Bonferroni correction, P < 0.05).

desiccation or competing organisms (Koppenhdéfer et al., 1997; Baur
et al., 1998; Serwe-Rodriguez et al., 2004).

The scavenger-deterrent hypothesis contrasts with the earlier
suggestion by Poinar et al. (1980) that light could attract insects
which could then be infected by, or serve to transport, the next
generation of nematodes as they emerge from the cadaver into the
soil. While there is some evidence that insects are attracted by the
light emitted by P. luminescens (Patterson et al., 2015), attraction of
new hosts is implausible as an ecological function of
bioluminescence [as indeed was recognised by Poinar et al.
(1980)]. As we show, it peaks within days of infection, long

before the new infective stage nematodes have been produced and
are ready to emerge from the host. In H. downesi, for example, the
first infective juveniles do not emerge until at least 15 days after
infection, by which time luminescence has declined to a low level. In
contrast, peak luminescence occurs at a time when its role in
defence against scavengers would be important: the nematodes
developing inside are at a vulnerable stage (Poinar, 1979) and
cadavers are otherwise poorly defended (Baur et al., 1998; Fenton
et al, 2011; Gulcu et al., 2012; Ulug et al., 2014; Jones et al., 2015,
Jones et al., 2017). Bioluminescence is produced once Photorhabdus
reaches a critical population density (Meighen, 1999), while
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FIGURE 5

Proportion of freeze-killed G. mellonella cadavers scavenged by L. valentiana when close to either a lit or an unlit LED in a choice test. Slugs that did
not move into either arm of the Y-tube were excluded from analysis. Significant differences between treatments in scavenging rate is indicated by *

(Chi square, P < 0.05).
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defences based on unpalatable chemicals and/or pigmentation
intensify over time (Baur et al., 1998; Gulcu et al, 2012; Ulug
et al,, 2014; Jones et al,, 2015; Jones et al., 2017), presumably as the
products responsible for them accumulate within the cadaver.
Although not tested here, it may be that bioluminescence as an
independent defence is particularly important early in the infection,
helping during a period of vulnerability while chemical defence is
less efficient.

Variation amongst scavenger species in the extent to which they
are deterred from Photorhabdus-infected cadavers (Gulcu et al,
20125 Ulug et al,, 2014; Gulcu et al.,, 2018) may explain why trends in
the field, with a diverse assemblage of scavengers, were less clearcut
than in the laboratory trials with just a single species of photophobic
nocturnal scavenger - the slug L. valentiana. Slugs move away from
areas of light and are particularly sensitive to blue light in the 400 -
520 nm range (Suzuki et al., 1979; Nishiyama et al., 2019) which
spans the range in which Photorhabdus emits luminescence (Peat
et al, 2010). Their negative response to diffuse light is mainly
associated with habitat selection (South, 1992; Zieger et al., 2009). In
our experiments, there was no evidence that a point source of light
deterred the approach of L. valentiana - there was no difference in
the category “moving close” to a cadaver in the no-choice
experiment, or in the frequency of entry into lit or unlit arms
containing a cadaver-mimicking LED in the choice experiment.
Slugs seek and recognise food using olfaction (Gelperin, 1974;
Gelperin, 1975; Kiss, 2017); again, the lack of effect on “moving
close” may indicate that slugs were not deterred at a distance by the
odour of infected cadavers. There is evidence that the odour of P.
luminescens-infected cadavers deters attack by beetle and avian
scavengers (Jones et al., 2015; Jones et al., 2017), but it would appear
that for L. valentiana, both chemical and light defences operate at
close contact, serving to deter feeding, but neither modality deters
their approach.

The unpalatability of Photorhabdus-infected cadavers to
scavengers appears to be an innate (unlearned) response, as it is
displayed in laboratory tests by untrained animals (Baur et al., 1998;
Zhou et al., 2002; Gulcu et al,, 2012; Lordan et al., 2014; Ulug et al.,
2014; Raja et al., 2017; Gulcu et al,, 2018; Cimen, 2023). Similarly,
the aversive response of slugs to the luminescence of Photorhabdus
shown here seems also to be innate, as it was demonstrated by naive
(untrained) individuals at first exposure. Bioluminescence is
produced by Photorhabdus as a constant glow. In general, while
sudden flashes of bioluminescence are repellent, bioluminescent
glows are thought to function as attractant signals (Haddock et al.,
2010). It is argued that without additional chemical defences, light
would only serve to make the emitting organism more obvious to
predators (De Cock and Matthysen, 1999). Slugs may be unusual in
having an innate dislike of feeding on glowing food, though few
terrestrial animals have been tested for this response. For toads and
small mammals, the possibility of an innate deterrent response to
the bioluminescence of glow worms or millipedes could not be
excluded (De Cock and Matthysen, 1999; De Cock and Matthysen,
2003; Marek et al., 2011).

While not demonstrated here, the bioluminescence produced
by Photorhabdus-infected cadavers could act more generally as an
aposematic signal for nocturnal scavengers, as has been suggested
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for the red colour of P. luminescens-infected cadavers for diurnal
scavengers (Fenton et al., 2011). Aposematism is the use of warning
signals to advertise unprofitability (Breed and Moore, 2016)
epitomised by the conspicuous colours used by insects and frogs
to advertise toxicity or unpalatability (Guilford, 1990; Ruxton et al.,
2018). Like conspicuous colours, bioluminescence is frequently
associated with unpalatability, leading to the suggestion that it
functions as an aposematic signal in a range of organisms,
including algae (Dinoflagellata), annelids, brittle stars
(Ophiuroidea), millipedes, glow worm larvae (Coleoptera) and
fish (lanternsharks: Etmopteridae) (Grober, 1988a; Grober, 1988b;
De Cock and Matthysen, 1999; Marek et al., 2011; Verdes and
Gruber, 2017; Duchatelet et al., 2019; Cusick and Widder, 2020).
This suggestion is not always supported by empirical data, but there
is good experimental evidence both for brittle stars (Grober, 1988a;
Grober, 1988b; Jones and Mallefet, 2013) and for glow worms (De
Cock and Matthysen, 1999; De Cock and Matthysen, 2003). Toads
(Bufo bufo) were deterred by the bioluminescence of the common
glow worm, after learning to associate the glow with the noxious
smell/taste of the larvae (De Cock and Matthysen, 1999; De Cock
and Matthysen, 2003). Naive wild-caught toads demonstrated some
aversion to the bioluminescence, which was interpreted as evidence
either of prior learning in the field or of neophobia (rejection of
novel food), but the aversion was strengthened by the associative
learning (De Cock and Matthysen, 2003). Similarly, when paired
with chemical defences, the bioluminescence of Photorhabdus may
strengthen the innate aversion of slugs to feeding on luminous food,
and in addition deter other nocturnal scavengers from feeding, even
those that are initially indifferent to the light or even attracted by it.
Associative learning - required for aposematism to work- is well
documented in insects (Dethier, 1980; Duerr and Quinn, 1982;
Matsumoto and Mizunami, 2000; Giurfa, 2007; Giurfa, 2015) and in
gastropods (Delaney and Gelperin, 1986; Balaban, 1993; Farley
et al,, 2004) including L. valentiana which can form a long-term
association between chemical and visual stimuli (Fujisaki and
Matsuo, 2017).

In conclusion, our experiments provide support for an
ecological function for the bioluminescence of Photorhabdus in
line with the scavenger deterrence hypothesis (Akhurst and
Boemare, 1990), and show that light acts in concert with chemical
defences, as previously shown for colour and chemical defences in
daylight (Fenton et al., 2011; Jones et al, 2017). Deterrence is
unlikely to have been the function of bioluminescence in the
bacteria from which Photorhabdus acquired its lux operon, as
there is evidence that in the marine environment, a constant glow
is attractive (Zavilgelsky and Shakulov, 2018). A plausible scenario
is that the gene transfer occurred within a crustacean;
bioluminescent marine bacterial species occur as pathogens of
many crustacea (Nealson and Hastings, 1979; Ramesh and
Bessho-Uehara, 2021), and Photorhabdus can infect littoral
amphipods and isopods (Mauléon et al., 2006). Bioluminescence
may have been maintained by in the terrestrial environment by
protecting infected hosts against innately photophobic scavengers
such as slugs, and/or by aposematically reinforcing pre-existing
chemical defences of Photorhabdus. Support for the scavenger
deterrence in P. temperata does not rule out the possibility that
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bioluminescence is maintained in Photorhabdus by more than one
selection pressure, either in the same or different species, or is being
lost in some species in which it offers less advantage (Peat
et al., 2010).
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